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three age classes. Multi-locus heterozygosity is strongly predictive of age class (p <
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CHAPTER I
INTRODUCTION

In this study, we investigated the intensity and possible effects of selective
pressure from inbreeding depression in a small, isolated population of the Turks and
Caicos Rock Iguana, Cyclura carinata. Inbreeding depression is a broad term
encompassing the correlation of reductions in fitness with breeding among related
individuals (Wright 1977, Shields 1987). It is thought that a genome-wide increase in
homozygosity causes the expression of deleterious recessive alleles, and a failure to
express overdominance (Charlesworth and Charlesworth 1987). More recent syntheses of
the existing literature suggest that deleterious recessives explain the majority of reduced
fitness observed in inbred individuals (Charlesworth and Willis 2009). Harmful effects
resulting from inbreeding depression have been quantified and are well-documented in
small, managed populations, in which they can be extreme (Ralls et al. 1988, Bijlsma et
al. 2000).
Although small populations may be protected from some of the effects of
inbreeding depression due to purging, the average relatedness of all individuals in small
populations is greater than in larger populations, meaning related individuals are more
likely to mate -- even when mating is random (Byers and Waller 1999, Keller and Waller
2002). Hence, even relatively outbred progeny in small populations may exhibit
decreased viability or fertility due to inbreeding depression. Further, small populations
1

should maintain more deleterious alleles at higher frequency due to the enhanced effects
of genetic drift relative to selection (Lynch et al. 1995, Higgins and Lynch 2001). Given
the extensive evidence of inbreeding depression in captive populations and the seeming
inevitability of inbreeding in any small and isolated population, it has frequently been
suggested that inbreeding depression is a major force that influences the persistence of
such small, isolated populations (e.g., Frankham 1995, Hedrick and Kalinowski 2000).
There is clear evidence that consanguineous matings can result in low fitness
progeny, and that small populations are inherently vulnerable to extinction (Shaffer 1981,
Gilpin and Soule 1986, Lande 1993). Despite these hindrances, many naturally small
populations persist and even thrive, revealing little if any phenotypic manifestation of
inbreeding depression (e.g., Keane et al. 1996, Jennions et al. 2004, Schmoll et al. 2005).
In some systems with low survivorship, other variables have been implicated to have a
greater influence than inbreeding depression on individual viability (Caro and Laurenson
1994). Findings such as these had led some population biologists to infer that inbreeding
depression only weakly influences the fitness of small natural populations, if at all
(Shields 1993, Caughley 1994). In general, these authors suggested that inbreeding is
avoided by the expression of traits that reduce the probability of matings between related
individuals, or that natural populations adapt to small population size in other ways.
Others still have stated that the effects of inbreeding on population persistence are
irrelevant because other demographic factors will drive local populations to extinction
long before the genetics of small population size (Lande 1988). In contrast to these
assertions that inbreeding depression has little relevance to the persistence of natural
populations, Crnokrak and Roff (1999) used a meta-analysis of many vertebrate and
2

some invertebrate taxa with pedigree data to show that inbreeding depression in the wild
was more severe relative to that seen in captivity.
Reconciling these disparate views on the role of inbreeding depression in the wild
seems difficult, but there are several immediately apparent candidate explanations. The
relationship between population persistence and inbreeding may be largely taxon
specific, governed by evolutionary histories or life history characteristics. For example,
Mills and Smouse (1994) showed that increasing fecundity should decrease the
susceptibility of populations to inbreeding mediated extinction. Inbreeding depression
may also manifest at different stages of life history (Keller and Waller 2002); some
systems reveal greater losses of fitness at certain life stages but very little at others (e.g.,
Kruuk et al. 2002, Radwan 2003, Szulkin et al. 2007). Such a pattern could mask even
very severe inbreeding effects if the methodology of the study focused on periods either
prior or posterior to the affected life history stage. Other questions concerning
inbreeding’s role as an evolutionary force or constraint are more pragmatic. Many
researchers have simply struggled with the difficulties faced by attempting to quantify
inbreeding depression in the wild (Crnokrak and Roff 1999, Keller and Waller 2002).
Further, inconsistent approaches to estimating inbreeding have added another
layer of incoherence. In general, estimates of inbreeding can be categorized as either
direct or indirect measurements (Keller and Waller 2002, Szulkin et al. 2010). Direct
measures of inbreeding are usually based on pedigree analysis, while indirect
measurements typically involve estimates deriving from multi-locus heterozygosity.
Pedigree based studies usually reveal a much stronger relationship between inbreeding
and fitness than do indirect measures of inbreeding (Pemberton 2004, Grueber et al.
3

2011). However, acquiring good pedigree data from natural populations can be difficult
or even entirely impractical (Haig and Ballou 2002, Keller and Waller 2002, Grueber and
Jamieson 2008). This has led many population and conservation biologists to study
inbreeding depression using heterozygote fitness correlations (HFCs). HFCs are the
statistical relationships that are found between the overall heterozygosity at a set of
molecular markers and variation in fitness-related traits in individuals (Hansson and
Westerberg 2002). This approach has much to recommend it as a means of measuring
homozygosity by descent, but caution must be used when interpreting the data in the
context of inbreeding. The most serious concern is that inbreeding coefficients (f, Wright
1922) estimated from multilocus heterozygosity appear weakly correlated with those
calculated from pedigree data (Balloux et al. 2004, Slate et al. 2004), especially in
outbred populations showing little variation in f (Pemberton 2004). However, HFCs may
reveal inbreeding at a finer resolution than pedigree analysis. Under traditional pedigree
analysis, all siblings would be assigned the same f value, despite the slight-but-assured
variation in genome-wide homozygosity among them. HFCs may be more sensitive to the
fitness effects of high homozygosity in randomly mating small populations in which all
members are highly related but there is little variation in degree of inbreeding among
individuals. Further, most pedigree analyses only include a few prior generations, even in
meticulously monitored populations. HFCs may reveal evidence of historic inbreeding
that would be obscured in pedigree analysis (Szulkin et al. 2010). Still, many studies
show only weak relationships between multilocus heterozygosity and fitness (Chapman et
al. 2009).
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Nevertheless, there are several reasons that studies of HFCs in natural populations
might fail to reveal strong evidence of inbreeding depression, even when inbreeding is
acting as an influential force on the dynamics of a population. Some of these studies have
searched for evidence of inbreeding depression in populations that are relatively large,
show little variation in levels of inbreeding, and are genetically diverse (Grueber et al.
2008) -- conditions under which multilocus heterozygosity may be more poorly
correlated with f (Pemberton 2004, Szulkin et al. 2010). Still, Chapman et al. (2009)
found no evidence of population demographics affecting HFCs in their meta-analysis.
Further, many studies of HFCs focus on relative success only among one age class
(Chapman et al. 2009), perhaps allowing selection to remove inbred individuals from the
population before measurements such as fecundity could be taken. And finally, the cost
to fitness of inbreeding may have selected for adaptations that mitigate such
consequences (Crnokrak and Roff 1999, Keller and Waller 2002). Adaptations that
contribute to inbreeding avoidance may result in contemporary populations that show
little evidence of inbreeding depression today despite a history of it having influenced the
evolution of the population.
Turks and Caicos Rock Iguanas (Cyclura carinata) provide an excellent system
for investigating the evolutionary and ecological effects of inbreeding depression and
HFCs. Though endemic and critically endangered throughout the Turks and Caicos
Islands, there remain several small islands that sustain very dense and relatively
undisturbed natural populations of the lizard (Gerber and Iverson 2000, Gerber 2004).
Additionally, due to the intense territoriality and consistent territory size of this species
(Iverson 1979), we expect that the density of the breeding population has been relatively
5

stable over time. Despite the apparent health of these populations suggested by their high
density, they are still geographically restricted to small population sizes with extremely
low migration between islands (Welch et al 2004, Bryan et al. 2007). We are also able to
estimate an isolation of at least 1000 generations for most of these populations, based on
past sea levels and the geologic history of the islands (Lighty et al. 1982, Fairbainks
1989). This suggests that these populations have persisted in spite of small population
size, and that their genetic load may be near selection-mutation equilibrium. This last
factor would imply that the genetic load in these populations is stable, making them
notably distinct from most other recent research of inbreeding and HFCs in natural
populations, which have mostly focused on common species (Grueber et al. 2008) and
populations that have recently undergone severe population declines (e.g., Blomqvist et
al. 2010). This also implies that these populations have persisted over very long periods
in spite of limited population size, and additionally provides the temporal opportunity for
selection to act on characters that may reduce the likelihood or the fitness costs of
inbreeding.
Despite the seeming health of small, isolated populations of C. carinata, we
speculate that inbreeding depression has acted as an important selective force affecting
the evolution of these populations. We propose two alternative -- but not mutually
exclusive -- hypotheses to explain the long-term persistence of these populations in the
face of increased opportunity for inbreeding in small and isolated populations. First, that
lifetime fecundity of successful females is likely to be extremely high given a longevity
measured in decades and clutch sizes varying from two to more than 10 (Iverson 1979,
Gerber pers. comm.). Hence, it is conceivable that the full effects of inbreeding
6

depression on the population are incurred, or ‘absorbed.’ And as we suspect that the
healthy populations of C. carinata are at or near carrying capacity, survivorship of only a
few percent should be sufficient to maintain population size. Second, we hypothesize that
selection has favored phenotypes that enhance the likelihood of producing outbred young,
thereby ameliorating the effects of deleterious recessive alleles and reducing the severity
of inbreeding depression within the population.
Evidence for our first hypothesis could come from three sources. One would be a
change in frequency in relatively inbred to relatively outbred individuals among
progressive age classes; specifically, this would manifest as a recruitment bias against
inbred members of the population. This would be an unambiguous indicator that selection
is acting against more inbred individuals, and that inbreeding produces young with lower
survivorship and lower fitness. Our expectations for this area of inquiry are tempered,
however, because evolutionarily significant recruitment biases may be statistically
insignificant even given reasonable sampling.
Next would be a statistically significant correlation between fitness proxies in
adults (e.g., body size) and how outbred they are relative to the population. Size
measurements are well-established proxies for fitness, as body size is an excellent
predictor for the number of eggs produced each season in females and in the social
dominance and home range size of males in lizards (Christian and Waldschmidt 1984,
Perry and Garland 2002), Cyclura congeners (Alberts et al. 2002, Iverson et al. 2004) and
in C. carinata itself (Iverson 1979). Finding a negative correlation between body size and
degree of inbreeding in adults would provide evidence that inbreeding is a selective force
affecting the fitness of adults, and this could operate either in combination with or
7

independently of a recruitment bias. Again even evolutionarily meaningful correlations
between inbreeding and adult fitness may not be statistically significant.
Lastly, evidence consistent with this hypothesis could be found by the presence of
polyandrous behavior among the females of the population, a trait that has been proposed
to be beneficial to females facing limited mate choice and potentially high genetic
similarity among mates (Blomqvist et al. 2002, Tregenza and Wedell 2002, Foerster et al.
2003). A typical arrangement of territories in C. carinata is a relatively large territory
governed by a single dominant male that also encompasses the smaller territories of
multiple females. As the dominant male excludes all other males from his territory and
females seldom leave the boundaries of their own, contained territories during the mating
season, access to multiple males by the females is restricted. Additionally, there are
potential fitness costs to polyandry, as the act of mating itself has long been recognized as
costly in most female animals (Daly 1978). Considering the territorial patterns and
possible fitness costs of polyandry, its presence in the population would suggest that it
likely provides some tangible fitness benefit, and the increased genetic diversity in a
clutch resulting from multiple paternal contributions should be selectively advantageous
to a female in a population vulnerable to inbreeding depression.
Finally, for our second hypothesis proposing the expression of phenotypes that
promote the production of outbred progeny, we will investigate the most apparent
adaptive behavior that could reduce the possible fitness costs to reproducing in a
population with a high risk for inbreeding depression: negative assortative mating,
commonly referred to as “inbreeding avoidance” in the literature. By preferentially
selecting mates that are more genetically distant than would be expected at random,
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females will produce young that are more outbred than would be predicted by chance,
offering a substantial increase in fitness to any individuals expressing this trait within a
population at risk for inbreeding depression. Again, this behavior is not without its
associated costs; for example, increased selectivity for mates has been shown to
significantly increase energy expenditures and decrease yearly survivorship in female
marine iguanas, Amblyrhynchus cristatus (Vitousek et al. 2007). Assuming that such
costs also affect C. carinata, finding evidence for the presence of negative assortative
mating would suggest a strong selective pressure for producing outbred young, and the
avoidance of inbreeding depression would be a parsimonious explanation.
To address all of these questions (excepting the presence of polyandry), it is
necessary to have an estimate of inbreeding, as the luxury of known lineages will not be
available to us in this natural population. We used polymorphic microsatellite markers to
produce estimates of multi-locus heterozygosity (MLH). As noted above, indirect
estimates of inbreeding may poorly correlate with f, but more recent literature has
provided a robust theoretical and quantitative defense for its application to these
questions (Szulkin et al. 2010). Further, MLH is expected to produce a conservative
estimate of inbreeding (Balloux et al. 2004, Slate et al. 2004), which should preclude the
questioning of its use in any positive findings.
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CHAPTER II
METHODS AND MATERIALS

Study Population
The population located on Little Water Cay offers a good opportunity for
investigating inbreeding depression in C. carinata (Figure 1). It is protected by the Turks
and Caicos government and has been less impacted by the anthropogenic disturbances
and introduced predators that have devastated populations on other islands. At less than
70 hectares (some of which is a flooded lowland that the iguanas do not inhabit), the
population size is restricted, but the island maintains one of the densest iguana
populations in the Turks and Caicos Islands. Little Water Cay is also an attraction for
tourists interested in seeing “lizard island,” and the regular human visitations have
generated a population of C. carinata that mostly ignores the activity of researchers. This
eases the process of observation, capture and nest identification over some of the more
isolated populations, most of whose members remain skittish and secretive when
encountering any human presence.
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Figure 1

An adult male Cyclura carinata on Little Water Cay.

Sample Collection
Samples for this study were collected from the Little Water Cay population of C.
carinata from 2003-2005, with all the hatchling data collected during 2004. Individuals
were captured by noose-pole or by hand and multiple physical measurements were taken,
including mass, snout-vent length and head width. All iguanas were individually marked
before release to allow individual recognition and avoid resampling.. Head width is an
appropriate fitness proxy, as C. carinata shows indeterminate growth and adult body size
plays an important role in home range size, dominance for males, and clutch size for
females (Iverson 1979, Christian and Waldschmidt 1984, Alberts et al. 2002, Perry and
11

Garland 2002). Head width also correlates with bite force, which in turn influences
territorial interactions, feeding, and defensive behaviors in lizards (Herrel et al. 2001). A
blood sample of 500-1000 μL was collected from the caudal vein by syringe and stored at
ambient temperature in lysis buffer (Longmire et al. 1992). Individuals were sexed by
cloacal probe and categorized as adult or juvenile based on snout-vent length and the
presence or absence of secondary sexual characteristics; iguanas on Little Water Cay take
approximately six years to reach reproductive maturity (Iverson 1979, Gerber pers.
comm.). Individuals were classified as hatchlings if they hatched in the same breeding
season in which they were collected.
During the months of May and June 2004, the subterranean nests were located by
investigating indicative female behavior and examining areas of disturbed soil. Nests
were excavated and physical measurements of the eggs were taken before returning the
eggs and nest to their pre-excavation state. The exact location of the underground nest
chamber was marked with surveyor's flags and on a GPS unit.
In August and September, short (<0.4 m) sheet metal enclosures were installed
around the nests. Upon emergence, hatchlings were captured and processed in a manner
similar to adults, including blood collection. Collection of samples from adults and
juveniles also continued into these months.
Molecular Methods
DNA was extracted from blood samples and stored in 96-well plates (NucPrep
DNA Chemistry; Applied Biosystems, Foster City, CA). Of 51 microsatellite primers
originally identified for congeners C. nubila (An et al. 2004), C. pinguis (Lau et al. 2009)
and C. cornuta (Rosas et al. 2008), 19 had been identified that successfully amplified in
12

PCR reactions using C. carinata DNA and were polymorphic across populations of the
species (Welch et al. 2011). Thirteen of these microsatellite markers were found to be
polymorphic within our Little Water Cay population.
Samples from 110 adults, 50 juveniles and 32 hatchlings were genotyped using
for these 13 microsatellite loci. PCR was performed in 10 μL reactions with
approximately 10 ng of template DNA. Those primers deriving from C. pinguis
underwent traditional two-primer PCR with primer concentrations of 0.3 μM. All other
primers had the universal M13 tag (CACGACGTTGTAAAACGAC) added to facilitate
three-primer PCR with a fluorescently labeled (HEX or 6-FAM) M13 primer (Schuelke
2000). For three-primer PCR, primer concentrations were 0.2 μM for the M13 and
reverse primers, and 0.04 μM for the forward primer. The remainder of the reaction
solution was consistent across all primers and consisted of 2mM MgCl2, 30 mM Tricine
(pH 8.4-KOH), 50 mM KCl, 100 μM of each dNTP and 0.4 μM of Taq DNA polymerase.
All loci had the following thermal cycling profile: 3 min. at 95° C, 30 cycles of 95° C for
15 s, annealing temperature of 55° C for 15 s (except locus D9, at 52° C), and 72° C for
45 s, and then a 7 min period at 72° C to end the runs. PCR products were pooled without
dilution, and electrophoresed at Arizona State University’s DNA lab with Mapmarker
1000 size standard (Bioventures, Murfreesboro, TN) in each well. Peak Scanner software
v. 1.0 (Applied Biosystems) was used for scoring.
Analyses
All individuals scored at fewer than nine loci were excluded from analyses. Loci
were tested for null alleles in Cervus 3.0 (Kalinowski et al. 2007) and Micro-Checker
(Van Oosterhout et al. 2004). Cervus 3.0 uses a goodness-of-fit Hardy-Weinberg
13

equilibrium test for finding null allele dropout, while Micro-Checker uses an algorithmic
approach that incorporates deviations from Hardy-Weinberg equilibrium with
consideration of the distributions of allele size and genotype combinations to find
evidence of null alleles.
To estimate the effective population size the codominant microsatellite data was
input to LDNe 1.31 (Waples and Do 2008). LDNe generates estimates of effective
population size by extrapolating effective population size from the presence of linkage
disequilibrium among neutral, codominant and presumably unlinked markers (assuming
selective neutrality, closed populations and discrete generations). In short, a greater
degree of linkage disequilibrium results in a smaller estimate for effective population.
Default settings were used, and confidence intervals were calculated using the program’s
parametric and jackknife methods.
GenAlEx v. 6.4 (Peakall and Smouse 2006) was used to calculate allele
frequencies, expected rates of heterozygosity under Hardy-Weinberg equilibrium,
observed heterozygosity, and F-statistics (Nei 1977) values for all loci and all
individuals. Individuals were grouped into “populations” of three age classes for
analyses: adults, juveniles and hatchlings.
Three measures of heterozygosity have been used extensively in the literature and
were selected for use in analyses: standardized heterozygosity (SH, Coltman et al. 1999),
internal relatedness (IR, Amos et al. 2001) and heterozygosity weighted by locus (HL,
Aparicio et al. 2006). SH is the simplest of these, comprising the weighting of an
individual’s heterozygosity at a given locus by the overall average observed
heterozygosity of that locus in the population. IR, on the other hand, may be the most
14

appropriate of the three for our purposes; it is a modification of a measure originally
developed by Queller and Goodnight (1989) to estimate the relatedness of two
individuals based on the presence of shared, rare alleles. As such, IR more heavily
weights those genotypes that are homozygous for rare alleles than those homozygous for
common alleles, as being homozygous for rare alleles is more probably the result of
mating between related individuals (Amos et al. 2001). HL was developed to correct
certain shortcomings with IR, notably the relative difficulty in ascertaining values that
accurately reflect highly heterozygous genotypes and overestimating the homozygosity of
genotypes containing rare alleles resulting from migration or population admixture;
instead, HL weights those loci that are more variable and (presumably) informative
(Aparicio et al. 2006). However, we expect little to no migration or admixture in our
population, and our dataset is relatively free of extremely heterozygous individuals,
making such corrections largely superfluous for this study. Nevertheless, all three
measures are included here for completeness and to aid in comparisons with other studies
of HFCs, as most use at least one of these methods (Chapman et al. 2009). IRMacroN4
(Amos et al. 2001) was used to calculate all these measures from the genotypes of all age
classes.
For each of these measures of heterozygosity, a nominal logistic regression was
run with age class (hatchling, juvenile, adult) as the response variable to determine
whether heterozygosity predicts survival across these age classes (JMP 8, SAS Institute
2008). A Tukey-HSD test was also performed to find whether the three age classes
differed significantly in their heterozygosities (JMP 8, SAS Institute 2008).
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To investigate the possible continued effect of heterozygosity on adult fitness, a
regression was run with heterozygosity as the predictor and head width as the response
variable using only the adult members of our dataset. Males and females were combined
to increase sample size and statistical power. Since males are generally much larger than
females of the same age (Iverson 1979), we transformed the raw head width measure to
z-scores using the male and female independently. That is, mean head width for sex was
subtracted from raw head width measures, and the resultant differences were divided by
the standard deviation in head width for the sex. Hence, regardless of the sex, resultant
scores have a mean of zero and a standard deviation of one (Sokal and Rohlf 1994).
If variation in heterozygosity results from variation in inbreeding, then evidence
of identity disequilibrium within a population would be expected (David 1998, Balloux et
al. 2004, Szulkin et al. 2010). Inbred individuals are more likely to be homozygous at any
locus relative to an outbred individual (Frankham et al. 2002). Hence, in populations
where inbreeding occurs, variance in multilocus homozygosity should exceed that
predicted for a population that mates randomly, or nearly so. This pattern of excess
multilocus homozygosity in inbred individuals relative to outbred individuals is referred
to as identity disequilibrium. We estimated identity disequilibrium for all age classes
using the g2 measure (David et al. 2007, Szulkin et al. 2010) in the software program
RMES (David et al. 2007). This metric quantifies identity disequilibrium as the excess of
double heterozygotes at two loci relative to expectations under random association, then
standardized by average heterozygosity. Further, we also followed Szulkin et al.’s (2010)
recommended method for testing for local effects by using their standardized
heterozygosity to run a simple regression of overall individual heterozygosity against our
16

fitness proxy, head width, as well as a multiple regression including the standardized
heterozygosity at each locus against head width. We then used Equation 1 to test for a
significant difference in variance explained by the two models. Essentially, this test
determines whether using heterozygosity at each locus as independent predictor variables
accounts for significantly more variation in a phenotype than a single measure of
multilocus heterozygosity even after taking into account the additional predictor
variables. If using the multiple regression proves to be a better predictor of variation in
the phenotype then this would be considered strong evidence for local effects (Szulkin et
al. 2010).

(1)
Here, resSS1 is the residual sum of squares of the model using the single measure of
multilocus heterozygosity, resSS2 is the residual sum of squares of the model
incorporating individual locus heterozygosities, and df1 and df2 are the degrees of
freedom for each model. For both of these regressions, only adults with genotype data at
all 13 loci were included.
In addition, adult genotype and head width were tested for genotype-phenotype
associations that could be indicative of local effects using into GEPHAST (Amos and
Acevedo-Whitehouse 2009). Unless otherwise specified, all statistical tests were
performed in JMP 8 (SAS Institute 2008).
Intensity of selection was estimated using Van Valen’s (1965) transformation of
Haldane’s equation, shown below:
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(2)
(3)
Here,

1

and s1 are the mean and standard deviation before selection, and

2

and s2 are

the mean and standard deviation after selection. In short, IV measures the intensity of
directional or balancing selection by comparing the difference in means and variance of a
phenotype from samples before and after selection, with the estimate of intensity
increasing as the means grow more different and as the variance is reduced. It provides an
approximation of the proportion of individuals that are removed from a population by
selection against a trait (for our purposes, high homozygosity). We used the distribution
of individual heterozygosities as our phenotype and the hatchlings as the before selection
group with the adults as the posterior group.
Finally, to find evidence for polyandry, genotypes among clutchmates at each
locus were compared to determine if they met the expectations the genetic contributions
of fewer than three diploid individuals (Zane et al. 1999).
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CHAPTER III
RESULTS

For all analyses except the determination of multiple paternal contributions, a
subset of 15 of the 32 hatchlings was used. These 15 hatchlings comprised all freeranging hatchlings captured outside of nest enclosures (n = 9) and one individual selected
randomly from siblings in each clutch with no missing genotypes (n = 6). This was done
because of the genetic non-independence of hatchlings sharing the same mother.
Genotype data at nine or more of the 13 loci (Table 1) was scored for 108 adults, 48
juveniles and all 32 hatchlings, with 93% of individuals missing one or fewer genotypes.
No loci showed evidence of null alleles or allelic dropout.

19

Table 1

Polymorphic microsatellite loci developed from congeners for use in Little
Water Cay population of C. carinata.

Locus

Source

Species

Size Range
(bp)

A

F

Ho

UHe

HWE

C103

Lau et al. (2009)

C113

Lau et al. (2009)

C. pinguis

206-210

2

-0.101

0.421

0.384

ns

C. pinguis

204-228

4

-0.002

0.583

0.584

ns

C6
D1

Lau et al. (2009)

C. pinguis

127-147

2

-0.280

0.564

0.442

**

Lau et al. (2009)

C. pinguis

179-203

6

0.118

0.324

0.369

ns

D107

Lau et al. (2009)

C. pinguis

273-293

4

0.002

0.314

0.317

ns

D11

Lau et al. (2009)

C. pinguis

143-171

4

-0.040

0.417

0.403

ns

D110

Lau et al. (2009)

C. pinguis

214-242

5

-0.083

0.509

0.473

ns

D111

Lau et al. (2009)

C. pinguis

166-222

5

-0.076

0.676

0.631

ns

D130

Lau et al. (2009)

C. pinguis

280-288

2

-0.188

0.417

0.352

ns

D137

Lau et al. (2009)

C. pinguis

221-244

5

-0.171

0.750

0.643

ns

D9

Lau et al. (2009)

C. pinguis

128-152

6

0.029

0.705

0.729

*

Z151

An et al. (2004)

C. nubila

208-226

3

-0.056

0.355

0.337

*

Z65

An et al. (2004)

C. nubila

167-171

3

-0.035

0.393

0.381

*

NOTE: A is the number of alleles at each locus, F is fixation index, Ho is observed
heterozygosity, UHe is unbiased expected heterozygosity, and HWE identifies those loci
with significant departures from Hardy-Weinberg equilibrium (* = p<0.05, **= p<0.01).
The size ranges are from C. carinata. All statistics were generated from members of the
adult age class on Little Water Cay.
LDNe 1.31 (Waples and Do 2008) produced an estimate for effective population
size in the Little Water Cay population of C. carinata of 168.7 with a 95% confidence
interval of 106.0 – 330.3 using the software’s parametric method and 85.8 – 603.9 using
the jackknife method. The expansion of the confidence interval between the two methods
is expected.
GenAlEx v. 6.4 (Peakall and Smouse 2006) produced results of observed
heterozygosities of 0.494 for adults, 0.488 for juveniles and 0.376 for hatchlings, with
standard errors of 0.041, 0.056 and 0.036, respectively (Figure 2). Unbiased expected
heterozygosities were 0.465 (SE=0.038) for adults, 0.482 (SE=0.035) for juveniles and
0.423 (SE=0.053) for hatchlings. The calculated F was -0.068 (SE=0.029) for adults, 0.034 (SE=0.036) for juveniles and 0.073 (SE=0.065) for hatchlings.
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Figure 2

A comparison of inbreeding coefficients (F) generated from the hatchling,
juvenile and adult populations of Cyclura carinata on Little Water Cay
based on allele frequencies

Error bars depict standard errors.
Using age class as the response variable and heterozygosity as the predictor, we
ran nominal logistic regressions for each of our three measures of heterozygosity
(standardized heterozygosity, SH; internal relatedness, IR; heterozygosity weighted by
locus, HL) in JMP 8 (SAS Institute 2008). SH predicted age class with a p-value of 0.009
(r2 = 0.032), IR with a p-value of 0.006 (r2 = 0.035) and HL with a p-value of 0.030 (r2
=0.024). Mean values for hatchling MLH were 0.811 (SH), 0.167 (IR) and 0.576 (HL);
for juveniles they were 1.068 (SH), -0.028 (IR) and 0.478 (HL); and for adults they were
1.066 (SH), -0.054 (IR) and 0.471 (HL). Tukey-HSD tests with alphas of 0.05 were run
to compare the means of SH, IR and HL of the different age classes. For SH and IR,
adults and juveniles were both significantly more heterozygous than hatchlings but did
not differ significantly from one another (Figure 3). With HL, adults were significantly
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more heterozygous than hatchlings, but juveniles did not differ significantly from either
of the other two age classes.

Figure 3

Measures of standardized heterozygosity (SH) from the hatchling, juvenile
and adult populations of Cyclura carinata on Little Water Cay

Different letters indicate values that differ significantly (p < 0.05) in a Tukey-HSD test.
The hatchling age class is significantly less heterozygous than both the juvenile and adult
classes. Error bars depict standard errors.
There was no significant interaction effect between sex and heterozygosity. Mean
head width was 38.47 mm for adult males and 30.26 mm for adult females with standard
deviations of 8.88 mm and 3.56 mm, respectively. Using these values to standardize head
width in the adult population, the sexes were pooled and three regressions were run with
head width as the response and SH, IR and HL as predictor variables. All measures of
heterozygosity showed significant correlations with head width: SH (p = 0.006, r² =
0.070) (Figure 4), IR (p = 0.013, r² = 0.059), and HL (p = 0.005, r² = 0.075).
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Figure 4

A regression of standardized heterozygosity with adult head width

Data were standardized by sex (mean of zero, units in standard deviations) in the Little
Water Cay population of C. carinata. There was no evidence for a significant sex by
heterozygosity effect on fitness.
Tests for locus-by-locus correlations in heterozygosity in RMES (David et al.
2007) did not produce a significant g2 identity disequilibrium value in either adults (p =
0.436, g2 = 0.002), or juveniles (p = 0.288, g2 = 0.008). The hatchling sample size was
too small to produce a usable g2 parameter. Using Szulkin et al.’s (2010) equation for
comparing models of single locus simple regressions of heterozygosity against phenotype
(in our case, standardized head width) to a multiple regression including all loci to test for
local effects, we found an F(12, 62) of 1.949, resulting in a p-value of 0.045 in the adult
population, indicating that the more complicated model accounts for significantly more of
the variation in head width, even when considering the additional number of predictors.
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Analysis in GEPHAST (Amos and Acevedo-Whitehouse 2009) found three loci with
significant locus by phenotype (standardized head width) interactions in the adults: C6 (p
= 0.05), D107 (p = 0.013) and D130 (p = 0.022), although none of these reach
significance when Bonferroni corrections for multiple tests are applied. All other loci
showed no sign of an interaction (p = 0.15 to 0.81).
Our estimates of selection intensity with Van Valen’s (1965) equation comparing
distributions of our three measures of heterozygosity from a population that has not yet
been exposed to selection (hatchlings) to a population having undergone selection
(adults) produced substantial values. The Van Valen estimates of selection intensity were
0.627 for SH, 0.575 for IR and 0.498 for HL. Figure 5 provides a clear visual illustration
of the differences in distributions of heterozygosities between hatchlings and adults. The
intensities of selection between juveniles and adults were 0.099, 0.118 and 0.096 for SH,
IR and HL, respectively.
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Figure 5

Histogram comparing the number of individuals having different numbers
of heterozygous marker loci in hatchling and adult age classes (before and
after selection, respectively)

And lastly, the hatchlings in one of the clutches sampled displayed combinations
of alleles that indicate genetic contributions from more than one male to that clutch
(Table 2). As one individual is homozygous, if a single male sired all the siblings then
there can be a maximum of three different alleles at that locus within the clutch. Instead,
we found four different alleles at this locus.
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Table 2

Genotypes at a single locus from three siblings that require the genetic
contributions from more than two parents.
Siblings

Genotype at Locus
D9 (bp)

11A LW

148

148

11B LW

132

140

11C LW

144

148
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CHAPTER IV
DISCUSSION

Intensity of Selection
The differences in MLH among our three age classes -- particularly the high
degree of homozygosity among the hatchlings -- provide strong evidence for the selective
advantage of heterozygosity. Our estimates of intensity of selection using Van Valen’s
equation (ranging from 0.498 to 0.627, depending on the MLH metric used) indicate that
a very large proportion of hatchlings must be removed from the population before
reaching maturity -- a somewhat surprising result, considering another Cyclura species
has one of the highest recorded juvenile survival rates among all lizards (Iverson 2007).
This suggests that selection against highly homozygous individuals is very strong in this
population, and MLH may in fact be one of the best predictors of long-term survival in
young members of this population. The large values found for Van Valen's estimate are
bolstered by the results of our nominal logistic regressions, demonstrating that MLH is a
statistically significant predictor of age class in this population.
Despite these seemingly powerful and common selective pressures, though, the
Little Water Cay population is among the healthiest of the species and has been for as
long as it has been under observation (although the recent establishment of a small
population of feral cats appears to be having some negative impact). Taken together, the
overall health of this population alongside the powerful selective pressures against high
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homozygosity, we may be seeing a population that exists at or near carrying capacity, and
the consequences of being highly homozygous may only be observable because of the
intense competition among members of this population.
Adult Fitness
In addition to our results indicating a strong selection bias against highly
homozygous individuals during the first years following hatching, our analyses also
revealed a correlation between multilocus heterozygosity and head width among adults.
These correlations, though seemingly rather modest in effect (r² from 0.059 to 0.075), are
noteworthy when compared to the mean r² of 0.00132 found by Chapman et al.’s (2009)
extensive meta-analysis of the HFC literature. Body size is a well-regarded proxy for
fitness in C. carinata and other related taxa (Iverson 1979, Christian and Waldschmidt
1984, Alberts et al. 2002, Perry and Garland 2002, Iverson et al. 2004), as larger males
are socially dominant and more likely to participate in mating events, and larger females
are more likely to produce a greater number of eggs per clutch. This finding suggests that
the fitness consequences of heterozygosity are not limited to the earliest phases of C.
carinata life history. Further, because C. carinata shows indeterminate growth, larger
individuals within a population are likely older than smaller-sized individuals. And of the
many possible metrics for quantifying body size, head width is robust against variation
arising from seasonality or resource availability and predicts dominance-influencing bite
force (Herrel et al. 2001). Among the adults in our sample, a significant correlation was
found between head width and all three measures of MLH. This suggests that though the
most prominent correlation of MLH with fitness are associated with hatchling survival in
our population, an individual’s heterozygosity continues to have a strong and apparently
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lifetime-long correlation with that individual’s fitness. Hence, the cumulative lifetime
correlation of MLH and fitness may be far greater than the intensity of selection
suggested by heterozygote frequencies in hatchlings versus that in adults.
Local vs. General Effects
Several studies have now demonstrated that HFCs with microsatellite markers are
not uncommon. Researchers now question whether these correlations reflect genomewide levels of homozygosity (and are, by extension, a consequence of inbreeding) or
whether they are the result of linkage between the markers and functional loci (Hansson
and Westerberg 2002). Our results clearly indicate the presence of HFCs. Further, these
data reveal little evidence of identity disequilibrium, and heterozygosity at certain loci is
significantly more correlated with head width than at others. Both of these findings are
more supportive of local effects than they are of general or universal effects. The lack of
identity disequilibrium is suggested by our non-significant results in our calculations for
the g2 estimate of identity disequilibrium and our consistent and significant findings for
the presence of local effects. But an absence of identity disequilibrium may not indicate
that inbreeding is not present in this population. Instead, it may demonstrate only a lack
of substantive variation in the relative degree of inbreeding among individuals within the
population. It is still possible that the Little Water Cay population is or has been affected
by inbreeding, but that all individuals have been affected to a somewhat universal degree.
Analyses with GEPHAST identified three significant locus by phenotype interactions,
though none of those passed the threshold for significance when corrected for multiple
tests. Still, Szulkin et al.’s (2010) method of comparing the explanatory strength of
models based on single measures of multilocus heterozygosity versus multiple
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regressions of individual locus heterozygosities and phenotype showed evidence of
statistically significant local effects. Although it is not uncommon in recent studies to
find some evidence of local effects when using neutral microsatellite loci to investigate
HFCs (e.g., Selonen and Hanski 2010, Borrell et al. 2011, Thoss et al. 2011), we are
aware of only one study besides this one that satisfied Szulkin et al.’s (2010) test for
statistically significant local effects (Wetzel et al. 2012). These findings provide
convincing evidence that linkage disequilibrium between some of our neutral markers
and functional genes are driving much of the correlation we find between individual
heterozygosity and fitness. Nevertheless, we hesitate to use our results to dismiss the
possibility of inbreeding altogether. In fact, Szulkin et al. (2010) are quick to note that
non-significant values of g2 are likely to occur in populations with modest levels of
inbreeding. Further, the g2 metric necessitates a population with large numbers of highly
homozygous and highly heterozygous individuals to generate a significant result. This
may be unlikely to occur in our system, particularly among the older age classes wherein
selection against highly homozygous individuals may already have occurred.
Despite the goal of g2 to identify and quantify genome-wide variation in
inbreeding, it may not be able to detect evidence of such in what are ostensibly the class
of populations in which that aim is most essential. Even though small, isolated
populations are widely expected to be the most vulnerable to inbreeding depression under
natural conditions, they may also face a confluence of population dynamics that limit the
detection of variation in inbreeding using identity disequilibrium. In addition to what was
alluded to above – the absence of highly homozygous individuals due to strong selection
against them – small populations may in turn have a scarcity of highly heterozygous
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members. This results from the typical lack of genetic diversity in small populations,
particularly those that have persisted in a small, isolated state over many generations.
Further, the g2 metric assumes the presence of clear differences in the degree of
inbreeding among individuals in the population. This may also limit the use of identity
disequilibrium in small populations. Even if inbreeding is common and highly selectively
detrimental, if it is occurring at a uniform degree across the population, the variation
necessary to discover it may not be present. These forces acting in conjunction can lead
to a population depauperate of the most homozygous and heterozygous classes, in turn
leading to a population in which the signal of identity disequilibrium is unlikely to be
found.
Assortative Mating
We found no evidence to support our hypothesis that iguanas avoid inbreeding
through negative assortative mating. In fact, with an estimated F of 0.073, this generation
of hatchlings would appear to be the result of low levels of positive assortative mating.
With findings such as these, we are unable to offer any support for our expectation that
the process of mate selection was a trait that had been shaped by selection in this
population as a means of avoiding the costs of inbreeding. This does not require us to
abandon the effects of inbreeding as a serious burden on the fitness of individuals,
however. It may be an artifact of latent population structure, limited opportunities for
mate selection by females, absence of a signal by which females can judge the
relatedness of a potential mate, or the fitness costs of being a “choosy” female may be too
great (Vitousek et al. 2007). It is also possible that a lack of genetic diversity on the
island may afford too slight of a selective advantage to outbreeding females, as there may
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be little difference in the probability of producing homozygous progeny when mating
with more or less related males.
Effective Population Size
The effective population size of C. carinata on Little Water Cay was estimated to
be 168.7 with a 95% confidence interval of 85.8-603.9 based on the amount of linkage
disequilibrium in the population, assuming random mating (Waples and Do 2008). This
estimate of effective population size firmly establishes that this is a small population of
sexually reproducing animals and one potentially vulnerable to genetic consequences
(Franklin 1980, Chapman et al. 2009). However, it is worth acknowledging that this
estimate may be high. The use of our microsatellite markers may well have biased
LDNe’s estimates upwards. Since LDNe is based on the delta-ij method of estimating
linkage disequilibrium, it assumes markers are neutral, and our results suggestive of local
effects indicate that at least a subset of our markers are under selection. Though the
microsatellite markers themselves are almost certainly neutral, if they are in linkage
disequilibrium with functional loci selective pressure would still be expected to have a
substantial impact on allelic frequency and diversity on our marker loci. And since our
only markers showing significant correlations are those with a positive relationship
between heterozygosity and measures of fitness, we would expect (and do, in fact, find)
an excess of heterozygosity in the adult population. Any significant deviation from F=0
in a population is expected to bias effective population size estimates produced by deltaij, and the excess heterozygosity found in our older age classes have most probably
resulted in an inflated estimate of effective population size for Little Water Cay. As our
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original estimate is already small, this should thoroughly confirm the reality of the
limited size of the Little Water Cay population.
Multiple Paternity
Unfortunately, due to dangerous weather conditions at the time of collection, we
only had sufficient samples from four unique clutches to test for multiple paternity. But
despite this small number, we still found allelic combinations within one of these clutches
that demonstrated the genetic contributions of more than one father. This is consistent
with prior findings that suggested the possibility for multiple paternity in Cyclura collei
(Hudson and Alberts 2004). Although our small sample size constrains our ability to
extrapolate rates of multiple paternity in the population at large, we can state that it likely
does occur and we can speculate that it is may not be a rare event. The presence of
polyandry has been cited as an example of bet-hedging by the mother against genetically
incompatible sires (Yasui 1998) -- especially in small populations (Yasui 2002) -- and
has been more directly implicated as a mechanism of inbreeding avoidance (Cornell and
Tregenza 2007). Therefore, its presence in our population would be consistent with our
initial expectations of finding evidence for traits that protect females from the fitness
costs of inbreeding. Since polyandrous matings are both unexpected in this species -- due
to patterns of territoriality and social hierarchy (Iverson 1979) -- and carry their own
associated risks to female fitness (Daly 1978), the existence of clutches sired by more
than one male can be interpreted as evidence for a selective pressure favoring polyandry.
We propose that this finding may reflect selection favoring inbreeding avoidance.
Clearly, further work that would allow a true quantification of the rate of polyandry in
this population is needed. In addition, an area of inquiry we feel deserving of exploration
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would be a comparison of rates of polyandry among populations that would be expected
to suffer from differing degrees of inbreeding. Such research could be approached by
simply comparing observed rates of multiple paternity among different populations that
differ in population size and genetic diversity.
Conclusions
Neither of our two initial hypotheses for how this small, isolated population has
remained robust over a long period of time can be totally rejected, but the evidence
gathered here obviously offers much more support for our absorption hypothesis. There is
a statistically real and visually apparent (Figures 2 and 4) recruitment bias against highly
homozygous hatchlings. This is a long-lived and very fecund species, and the Little
Water Cay population appears to exist at a stable population size. It is no surprise, then,
that many hatchlings will not survive to sexual maturity. However, it was unexpected that
the MLH of an individual could be as good of a predictor for survival to adulthood as it
seems to be, and that it would then continue to exert a strong influence on that
individual’s fitness through the ensuing years.
The Little Water Cay population of C. carinata shows clear evidence of HFCs.
No matter the MLH metric used, heterozygosity was significantly correlated with both
age class (Fig. 2) and body size within the adults (Fig. 3), and the respective measures of
those correlations, IV and r², were not negligible. But also evident is the absence of
negative assortative mating in this population. Females selecting mates less related to
them at higher rates than could be expected at random would have been strong evidence
for the historic selection of traits that would help individuals avoid the costs to fitness of
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inbreeding depression. Although the presence of polyandry may be indicative of the
historic selective pressure of inbreeding depression, our findings in this area are only
sufficient to provoke speculation. Instead, what we have found is compelling evidence
that individual multi-locus heterozygosity continues to play a very strong role in the
demography of this population.
This study stands in contrast to many of the others in the literature due to its
investigation into HFCs within a population that is small and isolated, but still historically
stable. Most others have instead looked at common species or large populations (Da Silva
et al. 2005, Grueber et al. 2008, Olano-Marin et al. 2011) or else those that have
undergone population bottlenecks in recent generations (Hansson et al. 2004, Blomqvist
et al. 2010, Hoffman et al. 2010). By virtue of its isolated state and small size, the Little
Water Cay population has the characteristics to facilitate the linkage disequilibrium
necessary to find HFCs using even small numbers of marker loci (Pemberton 2004,
Grueber et al. 2008). But because of its long-term relative health, it demonstrates that the
costs of high homozygosity continue to exert selective pressure, despite the lack of a
recent bottleneck.
The implications of such findings lead to potential conservation concerns. The
high attrition rate found in this population’s hatchlings is unsurprising given the species’
high fecundity and the migration-free, stable-sized island population. It is surprising,
however, the degree to which this attrition appears to be non-random. The substantial
intensity of selection against highly homozygous hatchlings suggests that such
individuals are at a severe selective disadvantage. Were the population to be suddenly
reduced in size following some catastrophic event (e.g., a hurricane), its ability to recover
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could be highly constrained by the selective pressure against the more homozygous
individuals. That other taxa and populations exhibiting similar backgrounds of long-term
limited size and isolation may share this vulnerability should give further weight to the
importance of genetic factors when considering conservation plans for populations.
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